Putative global minima of neutral ͑Al n ͒ and singly charged ͑Al n + and Al n − ͒ aluminum clusters with n = 13-34 have been located from first-principles density functional theory structural optimizations. The calculations include spin polarization and employ the generalized gradient approximation of Perdew, Burke, and Ernzerhof to describe exchange-correlation electronic effects. Our results show that icosahedral growth dominates the structures of aluminum clusters for n = 13-22. For n = 23-34, there is a strong competition between decahedral structures, relaxed fragments of a fcc crystalline lattice ͑some of them including stacking faults͒, and hexagonal prismatic structures. For such small cluster sizes, there is no evidence yet for a clear establishment of the fcc atomic packing prevalent in bulk aluminum. The global minimum structure for a given number of atoms depends significantly on the cluster charge for most cluster sizes. An explicit comparison is made with previous theoretical results in the range n = 13-30: for n = 19, 22, 24, 25, 26, 29, 30 we locate a lower energy structure than previously reported. Sizes n = 32, 33 are studied here for the first time by an ab initio technique.
I. INTRODUCTION
Structure is the most basic property of an atomic cluster. The detailed positioning of atoms determines the nuclear potential acting on the electrons. As such, cluster structure determines all other interesting properties, such as the response to radiation fields, the cluster reactivity, and the binding energy, to mention a few examples. It is then not surprising that intensive efforts have been devoted to elucidate the structure of clusters, both from theory and experiment. From the theoretical side, the complexity of the problem comes from the exponentially increasing number of local minima ͑structural isomers͒ on the potential energy surface ͑PES͒. 1 In order to solve this problem, several unbiased optimization methods have been developed, the most outstanding of which are the genetic 2 and basin hopping 3 algorithms, although there are some others. 4 These methods are highly efficient but also require an extensive sampling of the PES, so their conjoint use with an ab initio energy model is computationally problematic. The usual approach to overcome this problem is to apply first one of those unbiased methods to a simplified PES, such as that predicted by parametrized interaction models, and then reoptimize with an ab initio technique some of the candidate structures located in the unbiased search. 5 From the experimental side, some cluster properties, such as the diffraction electron pattern, 6 the photoelectron spectrum, 7 or the cluster mobility within a drift cell, 8 are measured and then compared to the results of theoretical predictions in order to make a structural assignment.
This paper is concerned with the theoretical determination of the structure of aluminum clusters with 13-34 atoms by employing an ab initio energy model. There are many previous studies on aluminum clusters due, on one hand, to the potential applications in microelectronics 9 or nanocatalysis, 10 and on the other hand, to basic interest in the properties of simple metal clusters. We provide here a brief summary of the bibliography which is most relevant to the present work ͑for example, we do not mention many papers dealing with aluminum clusters with 2-12 atoms͒. Jarrold et al. 11 performed collision-induced dissociation experiments on Al n + ͑n =3-26͒ and obtained enhanced cluster stabilities for Al 13 , Al 13 + , Al 14 + , and Al 23 + . Taylor et al. 12 measured ultraviolet photoelectron spectra of Al n − with n =3-32 and found evidences of electron shell closings for sizes n = 13, 19, and 23. Both Ray et al. 13 and King and Ross 14 concluded that
Al 15 + has a very low stability and/or dissociation energy. Saito et al. 15 reported mass spectra of bare Al n + cluster ions and identified enhanced abundances for n = 14, 17, 20, 23, and 28. Hettich 16 reported the corresponding mass spectra for Al n − anions, and large abundance drops were observed after n = 13, 20, 23. Schriver et al. 17 determined the ionization potentials ͑IPs͒ of Al n clusters ͑n Ͻ 80͒ by photoionization spectroscopy and identified electron shell openings ͑particu-larly low IPs͒ at n = 14, 17, 23, and 29 atoms. Jarrold and Bower 18 determined the mobilities of Al n + cluster ions, providing direct experimental information about the average shape of the clusters. Cha et al. 19 measured photoelectron spectra of Al n − ͑n =1-15͒ clusters and found the spectrum of Al 13 − to be consistent with icosahedral symmetry. Li et al. 20 employed photoelectron spectroscopy of Al n − with n up to 162 atoms to corroborate the electron shell closings at 13, 19 , and 23 atoms. More recently, Neal et al. 21 measured the heat capacity curves for Al n + cations with more than 16 atoms and found that the smallest cluster to show a well-defined melting transition is Al 28 + , suggesting that some well-defined structural order might emerge at that cluster size.
On the theoretical side, there has been much activity regarding the correct global minima of aluminum clusters. A controversy has arisen regarding the correct global minimum ͑GM͒ for Al 13 : the optimizations based on parametrized potential models 32, 34, 35, 41, 42, 46, 52 invariably predict an icosahedral structure, but these methods do not contain an explicit description of the electronic degrees of freedom and their accuracy is questionable. A majority of the ab initio calculations ͓mostly based on density functional theory ͑DFT͒ and differing in the election of exchangecorrelation functional, aluminum pseudopotential, and basis set͔ predict an icosahedron as the most stable structure, [22] [23] [24] [25] 27, 28, 30, 33, 37, 39, 45 but a small number of calculations 26, 31, 38, 48, 49 predict a decahedron to be more stable. In some cases the energy difference between icosahedral and decahedral structures is very small and therefore below the expected accuracy of DFT methods. Although no definite answer exists, it is worth pointing out that the icosahedron is 0.23 eV more stable than the decahedron in allelectron calculations performed with the Perdew-BurkeErnzerhof ͑PBE͒ exchange-correlation functional 53 and a converged basis set.
We summarize now the most relevant attempts to optimize the structures of aluminum clusters with more than 13 atoms: Duque and Mañanes 25 calculated the geometric structures of aluminum clusters with up to 22 atoms using the local density approximation ͑LDA͒ within DFT. Akola et al. 29 obtained the atomic structures of aluminum cluster anions with 19, 20, and 23 atoms using the LDA and compared the theoretical electron density of states ͑DOS͒ to experimental photoelectron spectra. Aguado and López 44 determined the GM structures of Al n + ͑n =46-62͒ using the PBE exchange-correlation functional within DFT. A preponderance of structures based on the bulk fcc atomic packing was observed, together with a strong preference to expose compact ͑111͒-like surface facets. The obtained stabilities qualitatively correlated with the experimental latent heats obtained by Breaux et al. 54 Rao and Jena 26 and Fournier 48 gave the minimum energy geometric structures of Al n , Al n − , and Al n + with n up to 15 atoms employing the Becke-PerdewWang ͑BPW91͒ exchange-correlation functional. Neal et al. 47 located candidate global minima of Al 31 and Al 34 by selective quenching from high-temperature molecular dynamics ͑MD͒ simulations performed at the PBE/DFT level of theory. Chuang et al. 45 optimized the structures of neutral Al n clusters with n = 2 -23, employing a genetic algorithm search on a tight-binding PES and further structural refinement at the LDA/DFT level of theory. Later on, Sun at al. 50 and Zhang et al. 51 optimized the structures of neutral Al n clusters with n = 19-30, employing the same search method but with the final structural refinement performed at the PBE/DFT level of theory. Finally, Yao et al. published a couple of papers searching for the minimum energy structure of Al 19 ͑Ref. 40͒ and Al 20 ͑Ref. 43͒ using the full-potential linear muffin-tin-orbital MD method. These works provide an extensive data set to which we will compare our structural predictions.
Very recently, we determined the putative global minima of Al n + ͑n =34-83͒ ͑Ref. 55͒ and Al n − / Al n ͑n =34-70͒ ͑Ref. 56͒ at the PBE/DFT level of theory and compared the theoretical cohesive energies to experimental values, obtaining a good agreement for most sizes. The structures of the pure clusters were also employed to analyze the effect of substituting an aluminum atom by a copper impurity. 57 Distinct groups of low-energy structures were identified in those studies: distorted decahedral fragments, which are the global minima for clusters with around 36 and 55 atoms; rounded "disordered" structures which are the global minima close to the electron shell closings ͑at 138 and 198 electrons͒ predicted by the spherical jellium model; and fragments of a fcc crystalline lattice which are the global minima for the rest of sizes. Many of the fcc structures contain stacking faults ͑SFs͒, as previously predicted by Manninen et al. 36 employing simpler energy models. Icosahedral isomers ͑favored by many parametrized aluminum potential models͒ were found to be high-energy isomers for all sizes. As the icosahedral isomers seem to be favored for aluminum clusters with around 13 atoms, we became interested in the following question: at which size do the icosahedral isomers become unstable? In order to close the gap between the small and large cluster sizes, we study here the structures adopted by aluminum clusters of an intermediate size, namely, n = 13-34.
We close this introductory section by emphasizing the novel features of the present contribution: our work is the first one to consider, in a systematic way and at an ab initio level, the structures of both neutral, cation, and anion clusters in a broad size range, the upper size limit being 34 atoms. Most previous studies in this size range 40, 43, 45, 50, 51 have considered only the neutral Al n clusters, so the structures of cluster ions ͑more important from the experimental point of view͒ are considered here for the first time for most sizes ͑some exceptions are n = 13-15, 19, 20, and 23͒. 26, 29, 48 For many sizes ͑specifically, for n = 19, 22, 24, 25, 26, 29, 30, 32, 33, 34͒, our GM structures have a lower energy than previously reported structures. In Sec. II we briefly present some technical details of the search method and of the theory level employed. Section III describes the cluster structures obtained in this work and compare them to previous theoretical results. Section IV shows a comparison with experimental results regarding cluster stability, structural, and electronic properties. Finally, Sec. V summarizes our main conclusions.
II. THEORY
Calculations were performed at the Kohn-Sham DFT ͑Ref. 58͒ level. We employ the SIESTA code, 59 with exchange and correlation effects treated within the spin-polarized generalized gradient approximation in its PBE implementation, 53 and norm-conserving pseudopotentials to describe the core electrons. 60, 61 The basis set employed to expand the cluster wave function contains five basis functions per Al atom ͑a double zeta plus polarization or DZP basis in standard notation 59 ͒. The spatial extension of the basis functions is determined by an energy shift 59 of 20 meV. The fast-Fouriertransform mesh employed to evaluate some terms in the Hamiltonian is determined by a mesh cutoff 59 of 100 Ry. The accuracy obtained by these settings was tested in our previous works, 44 62 independently demonstrated that PBE calculations performed with a DZP numerical basis set agree with the results of coupled cluster with single and double excitations ͑CCSD͒ calculations for Al clusters. Here we have further checked the convergence of the results with respect to basis set size by reoptimizing some cluster sizes using up to eight basis functions per Al atom ͓a triple zeta plus two polarization functions or TZP2 ͑Ref. 59͒ basis͔. From this check we estimate the total energy differences between structural isomers to be converged up to 0.02 eV, which is within the expected accuracy of the PBE/DFT method. The DZP basis is therefore sufficient for this study. We also notice ͑see below͒ that the Al 13 icosahedron is more stable than the decahedron by 0.20 eV with the TZP2 basis set, which agrees almost perfectly with the value of 0.23 eV obtained in all-electron PBE calculations. 27, 33 This demonstrates the accuracy of our aluminum pseudopotential.
As in our previous works, 55-57 the search for global minima was planned as a multistage task. In a first stage, we generated a sufficiently diverse set of initial structures for each cluster size. These structures are either taken directly from existing databases, 63 explicitly built by considering typical icosahedral, decahedral, and octahedral atomic packing, or obtained by quenching from finite temperature simulations performed with the same SIESTA code. These trial structures include, in particular, the global minima of different potential models not necessarily mimicking aluminum clusters. In this sense, we employ the system comparison approach advocated by Paz-Borbón et al., 64 so that we do not rely on the accuracy of any potential model specifically designed for aluminum. This is especially important for Al clusters because, as previously mentioned, 55 present interatomic potentials do not describe well the structures of Al clusters. We also include explicitly in this first step the structures previously obtained by other authors. In a second stage, all those structures are fully optimized with the SIESTA code. Some of the isomers can be excluded from further consideration at the end of this stage due to their very high energy. In a last and most computationally expensive stage, we take the five to ten more stable structures for each size and consider them as seeds for further refinement. From each cluster of size n, we build n + m and n − m clusters ͑with m =1-5͒ by adding or removing atoms from its surface in many different ways. Each time we identify a better minimum for a given cluster size, it is considered the seed for a new refinement cycle, which is stopped only when we repeatedly reobtain the same structures. The procedure is possibly as systematic as it can be without the explicit employment of unbiased algorithms, and the number of different isomers tried for each size is at least 100 ͑except for the smallest sizes n =13-15͒. The success of this "manual" search strategy has been demonstrated for larger clusters by the good agreement between the experimental and theoretical cohesive energies. 55, 56 We expect it to be even more reliable for the smaller cluster sizes considered here, as the number of local minima on the PES is correspondingly reduced. In fact, a direct demonstration of the reliability of our search method is the fact that we find better global minima than previously reported for n = 19, 22, 24, 25, 26, 29, 30, 32, 33, 34.
III. CLUSTER STRUCTURES: COMPARISON TO PREVIOUS THEORETICAL RESULTS
A. Clusters with n = 13-18 atoms Figure 1 shows our calculated GM structures for neutral Al n ͑n =13-18͒ clusters. In this and the following figures, we do not show exactly the lowest-energy isomers, but instead a representative selection of different structures. This means that for almost all sizes, there are several isomers with higher binding energies than those explicitly shown in the figures. For n = 13 we obtain a Jahn-Teller distorted icosahedron as the GM ͑the point group symmetry is lowered from I h to D 3d ͒, while a distorted decahedron is 0.18 eV higher in total energy with the DZP basis set. As mentioned above, this energy difference increases to 0.20 eV when the TZP2 basis is used instead, which agrees well with the energy difference ͑Color online͒ GM structures and some low-lying isomers of neutral Al n clusters with n = 13-18. The numbers below the isomers give the total energy differences ͑in eV͒ with respect to the GM, and cluster sizes increase from top to bottom.
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Structures and stabilities of Al clusters J. Chem. Phys. 130, 064704 ͑2009͒ of 0.23 eV found in all-electron PBE calculations. 27, 33 The next isomer will be discussed below, as it is found to be the GM for Al 13 + . The GM structure of Al 14 is obtained by capping one of the triangular faces of the 13-atom icosahedron and has C 3v symmetry. The next isomer is obtained by capping instead one of the edges of the icosahedron: the underlying icosahedral structure is distorted to provide four bonds between Al 13 and the capping atom. Capping one of the square faces of the 13-atom decahedron leads to another high-energy isomer.
The GM of Al 15 results from capping two diametrically opposed triangular faces of the 13-atom icosahedron, which leads a prolate structure with only C s symmetry due to the Jahn-Teller distortion. Again, capping two opposite edges of the 13-atom icosahedron or two noncontiguous square faces of the 13-atom decahedron results in high-energy isomers.
Additional capping of the 13-atom icosahedron leads the GM of Al [16] [17] [18] . Al 16 is obtained by adding a new Al atom close to one of the capping atoms of Al 15 . The structure is quite distorted but preserves the C s point group symmetry. Al 17 recovers a higher symmetry ͑C 2h or D 2h depending on the accuracy required from the atomic positions when determining the point group͒ and a more prolate shape, as a result of capping with 2 Al atoms on different sides of the 13-atom icosahedron. Al 18 shows an intriguing structure of C s symmetry, where the additional atom is not capping the 13-atom icosahedron but prefers to sit on the next atomic shell with a low coordination. This demonstrates a strong preference for this size to adopt a structure as prolate as possible even at the expense of a poor atomic packing. For n = 16-18, the lowenergy isomers are typically found by capping the 13-atom icosahedron in many different ways. The best decahedral isomer for Al 17 , for example, is already 0.56 eV higher than the GM. We also notice the presence of a low-energy isomer of Al 18 , which shows an atomic stacking sequence of 5-1-5-1-6, and which will form the basis for the GM of Al 20 .
Our results for Al n ͑n =13-15͒ differ substantially from those of Rao and Khanna et al. 33 confirmed that icosahedral structures are more stable in all-electron PBE calculations, in good agreement with our results. Moreover, our GM structures for n = 13-18 are exactly the same as those found by Chuang et al. 45 using the LDA approximation.
Much less is known about the structures of aluminum cluster ions in the range n = 13-18. Figure 2 shows our calculated GM structures for Al n + and Al n − only when they differ significantly from the corresponding neutral geometries. Al 13 − ͑not shown͒ adopts a perfect icosahedral structure with I h symmetry, so it does not support the Jahn-Teller distortions observed in the neutral cluster. Al 13 − has exactly 40 valence electrons and therefore ͑see below͒ is a spherical electron shell closing. An explicit comparison of the electron DOS to experimental photoelectron spectra 65 shows that only the DOS of the icosahedral isomer is able to match the experimental spectrum. Al 13 + adopts a completely different and more open structure, with C s symmetry and an atomic stacking sequence of 1-5-1-6 ͑as opposed to the 1-5-1-5-1 typical of the icosahedron͒. In Al 14 − , the additional atom is capping one edge of the 13-atom icosahedron, which gives a C s symmetry. Compared to the corresponding isomer of Al 14 ͑see Fig. 1͒ , the underlying Al 13 − hardly distorts and therefore the capping atom is coordinated to only two atoms. Al 14 + is obtained by capping the Al 13 + cluster to provide a 1-5-1-6-1 stacking sequence. For n = 15 there are only minor modifications with respect to the neutral cluster structure. For the anion, the distortion of the underlying 13-atom icosahedron is again removed, which increases the symmetry from C s to D 3d . For the cation, on the contrary, the two adatoms distort the 13-atom icosahedron much more so that each adatom is coordinated to four Al atoms ͑as compared to only three bonds in the neutral and the anion͒. Finally, the structure of Al 16 − is shown just to emphasize again the higher stability of the 13-atom icosahedron: the adatom on the right side does not deform the icosahedron and is coordinated to only three Al atoms instead of four in the neutral and the cation.
In summary, we observe a very high stability of the 13-atom icosahedral building block for cluster anions. This stability is progressively reduced when passing first to the neutrals and then to the cations, for which the icosahedral structure is not even the GM for n = 13. This trend is attenuated with increasing size so that all charge states share the same GM for n = 17, 18. Our GM structures for n =13-15 agree with those given by Fournier 48 only for the cations and are different for the anions.
B. Clusters with n = 18-34 atoms
Within this size range, we have found some previously unreported global minima. Figure 3 shows the global minima and some structural isomers for sizes n = 19-22. The GM structure of Al 19 and Al 19 − is formed by a 14-atom building block with 1-5-1-6-1 stacking sequence ͑the GM for Al 14 + ͒ plus five adatoms in a "belt" arrangement, giving a C 1 point group symmetry. This structure has not been reported previously. Yao et al. 40 reported a similar structure for Al 19 but differing in the detailed positioning of the five adatoms. The GM reported by Sun et al., 50 namely, a hexagonal prism with four adatoms, is 0.12 eV higher in energy for Al 19 according to our calculations, but precisely that structure is our GM for Al 19 + . The well known double icosahedron predicted to be the GM by most empirical potential models 52 has a much higher energy according to the Kohn-Sham results.
The GM for n = 20 is the same for all charge states, with the atoms arranged according to the 1-5-1-5-1-6-1 stacking sequence. This structure, of C s symmetry, has been obtained in previous works. 29, 43, 45, 50 The GM structure of Al 21 and Al 21 + is obtained by adding one atom to Al 20 in the equatorial position and has C 1 symmetry. This structure has also been found previously. 45, 50 Al 21 − adopts, on the contrary, a very different structure with a higher ͑C 2 ͒ rotational symmetry.
For n = 22 atoms, the GM structures are different for each charge state. Neutral Al 22 adopts a quite disordered geometry with C 1 symmetry, although it is degenerate with another structure obtained by removing one Al atom from the Al 23 GM ͑see below͒. Al 22 + adopts an interesting structure which demonstrates the tendency of Al clusters to form hexagonal rings ͑as opposed to the pentagonal rings typical of icosahedra͒ within this size range. It consists of a 21-atom building block with 1-6-1-6-1-6 stacking sequence plus one equatorial adatom, giving a C s symmetry. Finally, Al 22 − adopts for the first time a structure resembling the bulk fcc symmetry. It has a high D 3h symmetry and is formed by stacking three planes of atoms with a SF in between. This structure resembles the "stacking-fault" structures observed in our previous works on larger Al clusters. 55, 56 None of these three structures has been previously reported: the structure obtained by Sun et al. 50 is 0.10 eV above our GM for Al 22 . Figure 4 shows the relevant structures in the size range n = 23-26. The GM of Al 23 and Al 23 + coincides with the one obtained by Sun et al. 50 It has a high C 3v symmetry and consists of a hexagonal prism ͑6-1-6-1-6 stacking sequence͒ plus three adatoms decorating the equatorial region. The GM of Al 23 − is instead obtained by capping Al 22 − , giving a structure with C s symmetry. A perfect decahedron, suggested by Kumar et al. 28 to be the GM for neutral Al 23 , is also especially stable as an anion, so both isomers should coexist under typical experimental conditions. We obtain several competing structures for n = 24. From left to right in Fig. 4 , these are a perfect 23-atom decahedron plus one adatom ͑C 1 symmetry͒, a C 2v isomer obtained by capping two opposite facets of the Al 22 − GM structure, a C 2 structure which is the basis for the GM structure of Al 25 ͑see below͒, a 19-atom double icosahedron capped with five atoms, and a C s isomer which is the GM predicted by Sun et al. 50 for neutral Al 24 . Depending on the charge state, two or three of these isomers are degenerate in energy. A similar high degeneracy is observed for n = 25, involving again decahedral structures and fcc fragments with SFs as building blocks to which adatoms are added in different ways, leading always to GM structures with C 1 rotational symmetry. For n = 26, both cation and anion structures are obtained by capping the 23-atom decahedron. The capping is more symmetrical for the cation which leads to a C s point group. For 
FIG. 4. ͑Color online͒ GM structures of aluminum clusters with n =23-26.
The rest of the caption is the same as in Fig. 3 .
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neutral Al 26 , a fcc fragment with C 2v symmetry is preferred instead. All the global minima for n = 24-26 are reported here for the first time, to the best of our knowledge.
We proceed to describe the structure of clusters with n = 27-30 atoms ͑see Fig. 5͒ . A recent report by Zhang et al. 51 claimed that double-tetrahedron structures are favored in this size range for neutral clusters. A perfect double-tetrahedron would be obtained with 30 atoms and consists of two 20-atom tetrahedra sharing one basal plane. In fact, such a structure would pertain to the "SF family" using the nomenclature of our previous works on larger clusters: 55, 56 the plane shared by the two tetrahedra changes locally the stacking sequence from fcc to hcp-like.
Our search results agree with those of Zhang et al. 51 only for n = 27 and n = 28. For n = 28, the GM structure is the same for all charge states and is obtained by removing the two vertex atoms from a perfect 30-atom double tetrahedron, which gives a D 3h symmetry. Those atoms have a very low coordination and their removal seems to be energetically favorable. Removing one more atom from the basal plane shared by the two tetrahedra lowers the symmetry from D 3h to C 2v and leads to the GM structure of Al 27 and Al 27 − . However the GM structure of Al 27 is nearly degenerate with a fcc isomer of C s symmetry obtained by adding one atom to the Al 26 GM structure. The fcc isomer is in fact the GM for Al 27 + .
In this size range, the stability of the isomers obtained by capping the 23-atom decahedron is reduced. We speculate that the highly symmetric and compact structure of Al 28 + , with perfect ͑111͒-like surface facets, is responsible for the emergence of a well-defined melting peak at this size. 21 According to our calculations, double-tetrahedral isomers have energies more than 0.5 eV higher than the true global minima for n = 29-30 and therefore are not competitive isomers anymore. Instead we obtain a number of nearly degenerate isomers with low symmetry, some of them based on a mixture of icosahedral and fcc packing while others ͑for example, Al 30 ͒ are distorted fragments of a fcc lattice. The GM structure of Al 30 + and Al 30 − has at least a mirror plane and therefore C s point group symmetry.
Finally, we show in Fig. 6 the putative global minima for n = 31-34. For Al 31 we predict the same GM structure as Neal et al., 47 although there are again many nearly degenerate isomers, and the GM structures of charged clusters are not the same. The structure of Al 31 is a mixture of icosahedral ͑lower part of the cluster in the orientation given in Fig.  6͒ and fcc ͑upper part͒ packing, while the charged clusters adopt SF structures. These two types of structures compete also for n = 32.
For n = 33, 34 we observe for the first time the emergence of the distorted decahedral fragments discussed in our previous works, and which are the GM structures for sizes around 36 and 55 atoms. 55, 56 Except for Al 33 + , which adopts a SF structure with C 2v point group, these structures are obtained by removing atoms from the perfect distorted decahedral structure of Al 36 . All the GM structures will be made freely available to other researchers through the web. 66 We close this section with a more general comparison of our results to those published by Sun et al. 50 and Zhang et al. 51 These authors emphasized the strong structural preference of Al clusters to expose compact, ͑111͒-like, surface facets. Our results support that general observation, which had been previously remarked. 44 However, our results do not support other general observations. For example, Sun et al. 50 claimed that the lowest-energy structure has always more symmetry than the high-energy isomers, while many of our global minima have no rotational symmetry at all ͑C 1 point group͒ and can be considered to be a mixture of different packing motifs. A well-defined symmetry is to be expected only for much larger clusters. Also, many of the GM structures of the larger clusters 55, 56 cannot be explained in terms of the growth motifs advanced in Refs. 50 and 51 ͑for example, the distorted decahedral isomers͒. Sun et al. 50 also found that the GM structures of Al n and Al n − clusters are the same with the only exception of n = 19 and rationalized this finding by saying that these clusters are already sufficiently big to not be affected by the charge state. 50 Our calculations show exactly the opposite trend: the GM structure depends significantly on the charge state for many sizes. In fact, our previous works 55, 56 have shown that the GM structures of cations and anions may be different even for sizes as big as 70 atoms. Once more, cation and anion structures are expected to be the same only for much larger sizes. In this regard, we stress that it is very important to treat Al n , Al n + , and Al n − as independent optimization problems: for example, optimizing first the neutrals and then using a few neutral structures to reoptimize the structures of cluster ions will frequently lead to missing the correct GM of the charged clusters.
IV. CLUSTER STABILITY AND OTHER STRUCTURAL AND ELECTRONIC PROPERTIES: COMPARISON TO EXPERIMENT
As typical measures of cluster stability we show in Fig.  7 the cohesive energy ͑the total binding energy of the cluster divided by the number of atoms͒ and the second energy difference defined as ⌬ 2 ͑n͒ = E͑n +1͒ + E͑n −1͒ −2E͑n͒, where E͑n͒ is the total energy of the n-atom cluster. A cluster size n which is especially stable ͑with respect to its neighboring cluster sizes͒ is called a magic number. It will appear as a marked maximum in the ⌬ 2 ͑n͒ plot and either as a local maximum or as a point with negative curvature in the cohesive energy plot. According to Fig. 7 , our calculations predict the following magic numbers ͑in parentheses we show those magic numbers of secondary importance͒: n = 14, 20, 28, ͑30͒, 32 for neutral Al n clusters, with Al 20 having the highest stability; n = 14, 17, ͑20͒, 23, ͑28͒, ͑31͒ for the cations, with the highest stability occurring at Al 23 + ; and n = 13, 17, 20, 23, 27, ͑31͒ along the anion series. The predicted magic numbers are in very good agreement with the experimental abundances observed in mass spectra, both for cations 15 and anions. 16 Our results also confirm the enhanced stabilities of Al n + predicted by Jarrold and co-workers 11, 13 on the basis of collision-induced dissociation experiments. We therefore expect the predicted stabilities to be reliable also for neutral clusters.
As measures of electronic stability, we show in Fig. 7 the adiabatic ionization energy IE͑n͒ = E͓Al n + ͔ − E͓Al n ͔ and the adiabatic electron affinity EA͑n͒ = E͓Al n ͔ − E͓Al n − ͔ of the neutral clusters, where all energies refer to the corresponding global minima. We have also calculated the corresponding vertical IE and EA ͑not shown explicitly͒, which are the energies required to remove or add one electron without allowing for structural relaxation. A large IE value indicates a high electronic stability, and a large drop in the IE is usually associated with the opening of a new electron shell ͑this last assertion has to be taken with some caution in the case of aluminum clusters, as adding one atom introduces three additional valence electrons. A very low IE value can be taken as an indication that the corresponding cation is an electron shell closing͒. However, for the small clusters considered here, the odd-even oscillations are so strong that they partly mask the electron shell closings. Especially large IE values are obtained for sizes n = 13, 18, 20, 22, and a shell opening is only seen clearly for Al 23 . Our IE curve reasonably reproduces the photoionization results of Schriver et al. 17 regarding the location of the maxima and the size of the odd-even effect. Clusters with an especially low EA ͑sizes n = 14 and 18͒ also have an enhanced electron stability, while very large EA values ͑sizes n = 13 and 27͒ signal the proximity of an electron shell closing. We therefore find Al 13 Cohesive Energy (eV) 15 20 25 30 Cluster Size (n) which have strongly directional bonding properties, the mobilities of simple metal clusters are not expected to show large fluctuations with size. We have determined the cation collision cross sections ͑n͒ using the MOBCAL code. 70 The cross sections ͑not shown explicitly͒ systematically increase with the number of atoms n, which makes it difficult to visualize their size dependence. We therefore have fitted a power-law expression to the theoretical cross sections and plotted in Fig. 8 the deviation ⌬͑n͒ with respect to such average behavior. This helps to magnify the size fluctuations of the collision cross sections of Al clusters so that a meaningful analysis can be performed. Plotting ⌬͑n͒ also eliminates a systematic error: the theoretical values are, on average, about 10% smaller than the corresponding experimental values. We are mostly interested in the sizedependent fluctuations and not on the absolute values of the cross sections, which may depend both on experimental parameters such as sample temperature ͑the theoretical cross sections correspond to the structures at 0 K, while the experiments are performed at finite temperature͒, on approximations of the methods employed to derive the cross sections, 70 or on the accuracy with which DFT predicts the correct bond lengths. As the collision cross sections were not calculated in our previous paper on larger clusters, 55 we include here results for sizes n = 13-73. Globally, the size dependence of ⌬ is in very good agreement with the experimental measurements. Specifically, there are marked local minima for n = 14, 20, 22, 30, 34, 46, 58, 62 , and 66; the collision cross section is especially large for n = 18, 26, 36-39, 57, 61, and 63. Deviations from the experimental trend appear for n = 27 and n = 48-52, which suggests that our global minima may not be the same as the ones in the experimental beam for those sizes. For some sizes, there are isomers nearly degenerate with the global minima, the energy difference being smaller than 5 meV/atom. If the collision cross sections of those isomers are sufficiently different, they are plotted separately with stars in Fig. 8 . The collision cross sections are influenced by both structural and electronic effects: on one hand, a spherical cluster is expected to have a lower than an ellipsoidally deformed cluster. This explains the minima for Al 14 + , Al 46 + , and Al 66 + , for example; on the other hand, a closed electronic configuration usually induces shorter and stiffer bonds as compared to clusters with an open electron shell, partially contributing to the rest of minima. Al 18 + has both a strong prolate deformation and an open electronic shell, and its collision cross section is therefore a marked local maximum. The rest of features can be similarly explained.
In our previous works on larger clusters, 55, 56 we found that the magic numbers in the stability curve result from a complex interplay between electronic and structural effects. We find that the same is true for the small clusters. Each magic size would deserve a separate explanation, but we just provide a few examples here. Along the neutral series, the most prominent magic number is Al 20 . It has a more compact structure ͑its mobility is also a local maximum, as in Fig. 8 for the cations͒ than Al 19 and Al 21 and it can be considered a geometrical shell closing because it does not have any "adatom" with low coordination. Moreover, its IE is the highest, so this cluster is both structurally and electronically stable, hence its remarkable stability. The structural effect is sufficiently important that Al 20 + and Al 20 − adopt the same structure and are also magic numbers, although not so strong as in the neutral series because they do not have a high electron stability. Other clusters with both structural and electronic stability are Al 13 − , Al 23 + , Al 23 − , and Al 28 . Al 23 has a very low IE because Al 23 + is an electron shell closing, so its stability is not especially high even if it has the same highly symmetric GM as the cation. The EA of Al 23 is a local maximum which points to a high electronic stability for Al 23 − . In fact, the vertical IE of Al 23 − ͑not shown͒ is a marked maximum. Al 23 − has two nearly degenerate isomers as possible global minima, one of which is a perfect 23-atom decahedron, that is, a geometric shell closing. Most other magic numbers can be similarly interpreted, with the relative contributions of electron and structural stabilities varying for each particular case.
V. CONCLUSIONS
In summary, we have obtained putative GM structures for both neutral Al n and singly charged Al n + and Al n − clusters ͑n =13-34͒ using a first-principles methodology based on DFT. We have provided a careful and critical comparison to previous theoretical determinations of cluster structure. Our global minima search locates lower energy isomers than previously reported for sizes n = 19, 22, 24, 25, 26, 29, 30, 32, 33, 34 . We also compare favorably our results to experimental determinations of cluster structure, stability, and electronic properties. Together with our previous research on larger clusters, 44, [55] [56] [57] our work provides a consistent description of the structural size evolution of Al clusters with 13 to about 80 atoms. Only the smallest clusters ͑n =13-21͒ adopt structures based on icosahedral motifs. For larger clusters, a competition between bulklike fcc, decahedral, and disor- dered structures is seen. Even if some small clusters such as n = 27-28 adopt fcc-like structures, the bulk symmetry cannot be considered to be fully established until at least n Ϸ 70, and possibly some exceptions will remain even for larger sizes. Moreover, our previous works have shown that the fcc-like structures contain a significant proportion of SFs, that is, regions with local hcp-like atomic packing. The rich structural diversity of Al clusters comes from an interplay between structural and electronic effects, which presently is not properly captured by any parametrized potential model of atomic interactions. Even quite elaborate models such as ReaxFF ͑Ref. 52͒ continue to predict icosahedral global minima up to 55 atoms and substantial remnants of icosahedral ordering for clusters with up to 512 atoms. ReaxFF is able to reproduce the tendency ͑previously observed in ab initio calculations͒ 44, [55] [56] [57] of Al clusters to form mixed fcc/hcp structures, but only at larger cluster sizes. In summary, developing a reliable interatomic potential for Al clusters of small and intermediate size still remains a significant challenge.
